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INTRODUCTION

Photo-catalysis using semiconductor has been applied as
a promising technique for decontamination, purification and/
or deodorization of air as well as wastewaters'>. Among world-
wide used photo-catalysts, titanium dioxide (TiO.) is considered
to be the most suitable catalyst due to its non-toxicity, biolo-
gical and chemical inertness, low-cost, strong oxidizing power
and the long-term stability against corrosion*®. The drawback
is that, a wide band gap energies (3.02 eV) TiO, semiconductor
needs a long reaction time to completely destroy or transform
pollutant into harmless chemicals in both visible and ultraviolet
illumination*”” due to the fast recombination rate of photo-
generated electrons and holes. These limitations can be
surmounted by treating the surface of the semiconductor such
as impurity doping, noble metal deposition and surface fluori-
nation'”". It has also been reported that the crystalline
structure, surface area and surface hydroxyl group play key
roles in the photo-catalytic activity performance of titanium
as in heterogeneous photo-catalysis oxidation reactions usually
take place on the surface of semiconductor'®?'. Choi et al.”
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Cu-TiO; nano-sheets has been tested by degrading tetrachloroethene, trichloroethene and 1,1,1-trichloroethane in the aqueous phase |
under VUV illumination. The photo-degradation results revealed the efficient photolysis of these harmful chemicals under VUV irradiation |
and the addition of synthetic Cu-TiO, remarkably enhanced their degradation according to the higher degradation rate observed. Moreover,
the fast degradation rate of nitrobenzene, a probe of hydroxyl radicals ("OH), over Cu-TiO, suggesting the high concentration of “OH |
generated in VUV/Cu-TiO, system. Cu-TiO, has been synthesized by simply hydrothermal solution containing tetrabutyl titanate, |
hydrofluoric acid and cupric nitrate and characterized by using XRD, BET, TEM and XPS. The characterization results showed that the |
synthesized doped TiO, was in anatase form and consisted of well-defined sheet-shaped structures. It was also showed that the surface |
state of the synthesized TiO, was not modified after Cu doping. It can be suggested that Cu can be used to enhance the photo-catalytic
activity of TiO, nano-sheets for chlorinated solvent remediation in contaminated groundwater. I
|
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have conducted a systematic study on the photo-catalytic
activity of TiO, nanoparticles doped with different transition
metals on the oxidation and/or the reduction of CCl, and found
that the photo-reactivity of doped TiO, appeared to be a complex
function of the dopant concentration, the distribution of
dopants and the electron donor concentration. Obalové et al.”
have reported the enhancement of the photo-catalytic of TiO,
doped with Ag for the decomposition of nitrous oxide.

Han ef al.* have synthesized titanium nano-sheets with a
high percentage of exposed (001) facets which have shown
good photo-catalytic properties. Xiang et al. have investigated
the influences of hydrofluoric acid content on the microstruc-
tures and the photo-catalytic activity of TiO, nano-sheets. These
materials have showed a very good photo-catalytic activity
for the degradation of organic dyes. However, the doping and
the application of these products for the removal of wide range
of chlorinated organic pollutants such as tetrachloroethene
(PCE), trichloroethene (TCE) and 1,1, 1-trichloroethane (TCA)
in aqueous phase under VUV illumination have not been
reported. Chlorinated solvents have been commonly used in
dry cleaning, degreasing industries as solvents and have
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constituted a major public health and environmental concerns™ %,

Due to their low aqueous solubility, high density and mobility,
they are mostly detected in contaminated soil and groundwater.
Moreover, they are known to be toxic or carcinogenic and
resistant to environmental (chemical, physical and biological)
degradation, hence being listed on priority pollutants in the
United State Environmental Protection Agency (EPA)®-'.
Thus, their release into water without appropriated treatment
can become a long term pollutant source to environment and
human health.

Herein, we investigate the applicability of the synthesized
of Cu metal doped titanium nano-sheets in the degradation of
tetrachloroethene (PCE), trichloroethene (TCE) and 1,1,1-
trichloroethane (TCA) in aqueous phase under VUV irradia-
tion. Since copper salts have been reported to improve electron/
hole separation and allow efficient photo-generated electron
trapping due to its high electrical conductivity, enormous effort
have been made to synthesis various Cu doped TiO, nano-
particles mainly used for hydrogen production’***, Cu-TiO,
has been synthesized by simple hydrothermal method using
tetrabutyl titanate and cupric nitrate as the precursors and
hydrofluoric acid as a reducing and the morphology controlling
agent and was characterized by Brunauer-Emmett-Telle (BET),
X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD) and Transmission electron microscopy (TEM) analyses.
Nitrobenzene was used as a probe to detect the presence of
hydroxyl radical ("OH) radicals generated during the photo-
degradation process. Based on this study it is anticipated that
Cu doping can be used to enhance the photo-catalytic activity
of TiO, nano-sheets, which could be an alternative process in
chlorinated solvent remediation in contaminated groundwater.

EXPERIMENTAL

Tetrabutyl-titanate [Ti(OBu)s, 98 %], cupric nitrate
[Cu(NO;),.3H,0], hydrofluoric acid (HF, 45 %), commercial
P25 (Degussa), 1,1,1-trichloroethane (TCA, 99 %), tetrachloro-
ethene (PCE, 99 %), trichloroethene (TCE, 99 %) hexane
(97 %), ethanol (95 %) and nitrobenzene (NB) were purchased
from Shanghai Jingchun Reagent Co. Ltd. (Shanghai, China).
All chemicals were of analytical grade and used without further
purification. Ultrapure water from a Milli-Q water (Classic
DI, ELGA, Marlow, U.K.) was used in all experiments.

Catalysts preparation: Cu-TiO, anatase nano-sheets
were synthesized by modification of the hydrothermal method
described by Han and co-workers*. Briefly, 30 mL Ti(OBu),,
2 mL HF and 0.08g Cu(NOs),-:3H,O were mixed in a dried
Teflon autoclave with a capacity of 50 mL and then kept at
180 °C for 24 h. After cooling to room temperature, the grey
precipitate was separated by high-speed centrifugation at 3000
rpm for 15 min, washed with ethanol and double-deionized
water for several times to remove impurities and then dried in
vacuum at 70 °C for 24 h.

Characterization: The phase structure and phase purity
of the synthesized TiO, were examined by X-ray diffraction
(XRD), using a Rigaku D/max 2550VB/PC diffractometer with
CuK, (A=0.154 nm) radiation as the incident beam. The surface
chemical bonding was characterized by X-ray photoelectron
spectroscopy (XPS) measurement using a Thermo Fisher

ESCALAB 250xi with a cylindrical mirror analyzer and an Al
K, radiation at acceleration voltage of 15 kV to examine the
atomic composition and oxidation state of each atom on the
surface of the synthesized products. The specific surface area
and pore size of the materials were obtained by the BET method
at liquid nitrogen temperature with a Quantasorb Jr. Instrument
(Quantachrome Co. UK). Transmission electron microscopy
(TEM) was performed on JEM-1400 electron microscope
operated at an accelerating voltage at 80 k'V.

Photo-degradation test: The photo-catalytic test was
conducted in a 1 L cylindrical glass reactor (containing 3 g of
photo-catalyst powder and 20 mg L of aqueous solution of
pollutant), with a magnetic stirrer located at the base of the
reactor to maintain the homogeneity of the solution. A 10 W
low-pressure mercury vapor lamp (Guangdong, China) at 185
nm wavelength was used, hereafter, referred to as VUV. The
aqueous solution was filled into the reactor and the temperature
was kept constant at 20 °C during all experiments with a
cooling water jacket using a thermostat circulating water bath
(SCIENTZ SDC-6, Zhejiang, China). Aqueous samples were
taken at desired time intervals and analyzed immediately.
Before illumination, the suspension was stirred for 15 min in
dark to reach the adsorption-desorption equilibrium between
the pollutant and the photo-catalyst.

Analytical methods: One milliliter was removed from the
reactor, periodically throughout the course of the experiment
and analyzed after extraction with 1 mL of hexane. The samples
were mixed with hexane using a vortex stirrer for 5 min and
then allowed to separate by standing for another 5 min. The
organic phase was then transferred to a 2 mL GC vial with a
plastic dropper and quantified by a gas chromatograph (Agilent
7890A, Palo Alto, CA) equipped with an electron capture
detector (ECD), an autosampler (Agilent 7693) and a DB-VRX
column (60 m length, 320 um inner diameter, 1.4 pm thickness).
The temperatures of the injector and detector were 240 and
260 °C, respectively and the oven temperature was isothermal
at 75 °C. The amount of sample injected was 1 L with a split
ratio of 20:1. The concentration of nitrobenzene was analyzed
using the same gas chromatograph (Agilent 7890A, Palo Alto,
CA) equipped with an flame ionization detector (FID), an auto-
sampler (Agilent 7693) and an HP-5 column (30 m length,
320 umi.d., 0.25 um thickness). The temperatures of the injector
and detector were 200 and 250 °C, respectively and the oven
temperature was constant at 170 °C. The amount of sample
injected was 1 puL with a split ratio of 1:1. Chloride (CI")
was analyzed by ion chromatography (Dionez ICS-1000,
Sunnyvale, CA).

RESULTS AND DISCUSSION

Photo-catalytic activity test: The photo-catalytic test
of the synthesized TiO, was carried out by degrading 1,1,1-
trichloroethane, trichloroethene and tetrachloroethene in
aqueous under VUV (Fig. 1). The degradation patterns of
chlorinated solvent pollutants followed the first-order kinetic
and the calculated rate constant values are shown in Table-1.
Observing the above patterns, the synthesized TiO, (undoped)
and Cu-TiO, showed approximately the same photocatalytic
activity for the degradation of the chlorinated solvent pollutants.
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TABLE-1
PARAMETERS OF PCE, TCE AND TCA DEGRADATION IN VUV AND VUV/Cu-TiO, SYSTEMS

Degradation rate (%)

Operational conditions Quantity (g)

Degradation rate constant k (min™) Correlation coefficient R?

PCE
VUV alone - 100 0.5195 0.9973
Commercial P25 3 100 0.1434 0.9807
Synthesized TiO, 3 100 0.5852 0.9956
Cu-TiO, 3 100 0.6819 0.9972
TCE
VUV alone - 100 0.1259 0.9951
Commercial P25 3 73.80 0.0374 0.9709
Synthesized TiO, 3 100 0.4075 0.9977
Cu-TiO, 3 100 0.5484 0.9983
TCA
VUV alone - 54.86 0.02434 0.9815
Commercial P25 3 21.04 0.00637 0.6402
Synthesized TiO, 3 65.35 0.03011 0.9689
Cu-TiO, 3 67.59 0.03497 0.9699

However, the calculated degradation rate values indicate that
the degradations of chlorinated solvent pollutants were fast
over Cu-TiO; according to their degradation rate constants i.e.
0.5852 and 0.6819 min™ for tetrachloro-ethene degradation
over VUV/synthesized TiO, and VUV/Cu-TiO, systems, respec-
tively. The complete degradation (100 %) of tetrachloroethene
and trichloroethene occurred within 0.5 h when VUV was
applied alone and when VUV was coupled with synthesized

TiO,, while, the degradation rate of 1,1, 1-trichloroethane was
67 % with the rate constant at 0.03411 min™ over VUV/Cu-
TiO.. Following the above observations in the present study,
the photo-degradation of chlorinated solvents in aqueous phase
is in the following trend: TCA < TCE < PCE, which may be
due to the specific electrostatic interactions in each chemical.
Furthermore, no peak was observed as by-product according
to the GC/MS analysis.
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Fig. 1. Photo-degradation performances of (a) tetrachloroethene (PCE), (b) trichloroethene (TCE) and (c) 1,1,1-trichloroethane (TCA)
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Dechlorination rate of trichloroethene, i.e. moles of Cl~
released divided by moles of Cl" in parent trichloroethene, over
the synthesized TiO,, the commercial P25, VUV alone and
Cu-TiO, are shown in Fig. 2. Compared with the degradation
of trichloroethene, the results indicated that the dechlorination
rate increased along with the decrease in the concentrations
of trichloroethene. Assuming that complete dechlorination of
1 mol of trichloroethene produces 3 mol of CI, it was estimated
that trichloroethene was completely dechlorinated within 20 h
over both the synthesized TiO and 0.5 Cu-TiO,, respectively.
Furthermore, no by-products formation was detected according
to the GC/MS analysis, suggesting that the pollutants had been
completely dechlorinated when VUV was coupled with TiO,
for the removal of chlorinated solvent pollutants in aqueous
phase.

The enhancement of the photo-catalytic activity of the
synthesized TiO, nano-sheets might be due to the surface
=Ti-F group on the nano-sheets. It is known that surface
=Ti-F group can reduce the recombination rate of photo-
generated electrons and holes, because it can act as an electron-
trapping site to trap the photo-generated electrons by tightly
holding trapped electrons due to the strong electronegativity
of the fluorine and then transfer them to O, adsorbed on the
surface of TiO,**. After doping with Cu, the photo-catalytic
activity was enhanced. The reason may be that, as Cu,O is a
p-type semiconductor and TiO, an n-type, when they are
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coupled together, the photo-generated electrons will have a
tendency to transfer from p-Cu,O to n-TiO, and the holes
have an opposite transfer because of the inner electric field
existed in the p-n junctions between p-Cu,0O and n-TiO,>™,
According to the above photo-catalytic test results, it can be
concluded that Cu can be used to enhance the photo-catalytic
activity of TiO,.

It is assumed that chlorinated solvent pollutants were
degraded through the oxidation of activated oxygen species
generated during reaction in VUV or VUV/TiO, systems,
especially by hydroxyl radical ("OH) radicals. Therefore, in
this study nitrobenzene (NB) was chosen as a probe in order
to check the presence of “OH which is known to be responsible
of nitrobenzene degradation*”*?, The photo-degradation test
of 0.25 mM of aqueous solution of nitrobenzene and the
analysis were conducted at the same conditions as descripted
for trichloroethene degradation. The photo-degradation curves
are shown in Fig. 3. It is clear that nitrobenzene degradation
was better (around 90 %) over VUV/Cu-TiO, with the rate
constant of 0.03 min™. The degradation results suggested that
the population of “OH generated under VUV alone, VUV/
commercial P25 and VUV/synthesized TiO, was less than that
generated under UV/Cu-TiO,, thus, the higher photo-degra-
dation rate of nitrobenzene and chlorinated solvent pollutants
over the Cu-TiO, compared to the commercial P25 and
synthesized TiO..
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Fig. 2. Comparison of degradation and dechlorination rate of trichloroethene (TCE) over (a) VUV alone, (b) VUV/commercial P25, (¢) VUV/synthesized

TiO; and (d) VUV/Cu-TiO,
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Fig. 3. Photo-degradation of nitrobenzene in various systems

X-ray diffraction: The XRD patterns of the synthesized
TiO, are displayed in Fig. 4. In both cases, the synthesized
products exhibited strong diffraction peak that is proved in
their high crystallinity®. In line a, the diffraction peak of the
synthesized TiO, appeared at 26 of 25.3°,37.8°,48.1°, 55.1°,
62.7°, 70.3° and 75.1° can be indexed as pure TiO, anatase
phase (JCPDS No. 21-1272) which is conformed to the litera-
tures™®. Line b is the XRD pattern of Cu-TiO,. As it is shown,
no diffraction peak of Cu is observed that is might be due to
the low content of Cu and its high dispersion degree on the
surface of the product*. The parameter values in Table-2
showed that the doping of Cu on TiO, nano-sheets can change
the physico-chemical properties on the surface of TiO,, i.e.,
the increase of the specific surface area and the decrease of
crystalline size after the doping.

(101)

(200)

@211)

(004)

Intensity (a.u)

10 20 30 40 50 60 70 80
26 (°)
Fig. 4. XRD patterns of the synthesized products

The crystallinity and crystal phase are important para-
meters which influence photo-catalyst behavior. Highly crysta-
Iline TiO, structure is required to achieve high photo-catalytic
activity and previous studies have demonstrated that surface
fluorination of TiO, can be used as a new method of surface
modification on crystallite size and phase***. From the above
observations, Cu doping did not change the crystalline phase
of the synthesized product.

TABLE-2
EFFECTS OF CU CONTENT ON PHYSICO-CHEMICAL
PROPERTIES OF THE SYNTHESIZED PRODUCTS

Sl Surface area Pore diameter  Pore volume
(m’g") (nm) (cm’g™)

Synthesized TiO, 90.3 14.1 0.3

Cu-TiO, 98.5 13.1 0.3

TEM imaging: Transmission electron microscopy
images, shown in Fig. 5, indicated that the synthesized TiO,
consisted of well-defined sheet-shaped structures having a
rectangular outline with approximately a thickness of 4 nm
and are differed from their length and width. From the TEM
observations, the synthesized TiO, nano-sheets product has side
length of about 50 nm and width of 33 nm (Fig. 5a), while, the
Cu-TiO, product has the side length of 61 nm and width of
37 nm (Fig. 5b). These images confirmed that HF can be used
to synthesized high surface area of the product and Cu can
influence the growth of the nano-products, as reported in other
literatures®* %%,

75 ¢! o OO W Ny
Fig. 5. TEM images of the synthesized products (a) synthesized TiO and
(b) Cu-TiO,

As in heterogeneous photo-catalysis, oxidation reactions
usually take place on the surface of TiO,. The chlorinated
solvent pollutants are adsorbed on the surface of nano-sheets
and later, are readily degraded due to the uniform illumination
on the surface of TiO..
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XPS characterization: In order to investigate the photo-
catalytic activity performance of the synthesized products, we
further examined the change in surface chemical bonding
of the TiO, nano-sheets by XPS. The XPS survey spectra of
the undoped synthesized TiO, and Cu-TiO, are displayed in
Fig. 6.
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Fig. 6. XPS survey spectra of the synthesized products (a) synthesized TiO,
and (b) Cu-TiO,

The respective photo-electron peaks binding energies of
F, Ti, O, Cu and C elements were found to be 682.6 eV (F1s),
462.2 eV (Ti2p), 531.7 eV (Ols) and 284.8 eV (Cls). As
predicted, the peak of Cu is not observed in the survey spectra
(Fig. 6a) for the Cu-TiO, which is in agreement with the XRD
analysis. From these binding energies, we can deduce that F,
Ti, O and C atoms have a similar bonding environment after
Cu doping. The XPS scan spectra of Cu2p is displayed in Fig.
7. As it is shown, the synthesized Cu-TiO, exhibited only two
typical Cu 2p3/2 and Cu 2p1/2 peaks at 930.7 and 950.8 eV,
respectively, which were attributed to Cu* oxidation of Cu,0.
Therefore, no shake-up peak was observed*>*. It has also been
reported that Cu,O is more negative than CuO and Cu,O/TiO,
photo-catalysts, exhibiting a higher photo-catalytic activity
compared to CuO/TiO,***>*. The scan spectra of Ols from
undoped TiO, and Cu-TiO, are shown in Fig. 8. According to

the observed results, the main peak appeared in above spectrum
at the same position (531.71 eV) is attributed to OII onto
surface adsorbed oxygen (O* or O°), “OH groups and oxygen
vacancies.

Intensity (a.u)

" 1 " 1 " 1 " 1 " 1 " 1 "
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Binding energy (eV)

Fig. 7. Cu,p XPS scan spectrum of Cu-TiO,

This analysis may explain the relatively high photo-
catalytic activity of TiO, for the degradation of chlorinated
solvent pollutants and nitrobenzene*”*,

a
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Fig. 8. Ols XPS scan spectra. (a) TiO, and (b) Cu-TiO,
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Carbon peak is attributed to the residual carbon from the
sample and adventitious hydrocarbon from the XPS instrument
itself while, the detected fluorine species identified in Fig. 6
can be attributed to the =Ti-F surface bonds formed by ligand
exchange reaction between F~ and the surface hydroxyl group
on the surface of TiO,****, According to the XPS analysis,
Cu doping did not modified the surface state of the synthesized
products, probably due to the synthesis method used in our
experiment. Moreover, previous studies claimed that the
addition of few Cu promoted charge separation and inhibited
photo-excited electrons and holes recombination, therefore
enhancing photo-catalytic activity of TiO,*.

Conclusion

Copper metal doped TiO, anatase nano-sheets have been
synthesized by a simple hydrothermal method and their photo-
catalytic activity have been successfully tested for the degra-
dation of three chlorinated solvent pollutants such as 1,1,1-
trichloroethane, trichloroethene and tetrachloroethene in
aqueous solution under VUV illumination. The photo-degra-
dation rate of the tested chlorinated solvent pollutants was
higher over the Cu-TiO, nano-sheets. The degradation rate,
which was in the following trend TCA < TCE < PCE, suggested
that TCA was the most recalcitrant chlorinated solvent pollu-
tant. Moreover, the degradation result of nitrobenzene, which
was better over VUV/Cu-TiO., indicated that “"OH was gene-
rated during the degradation process. The characterization
methods using XRD, BET and TEM revealed that the synthe-
sized product which consisted in well-defined sheet-shaped
structures, exhibited high crystallinity and high surface area.
The XPS analysis has shown that the synthesized product
possessed identical elements state (Ti, O, C and F) and surface
bonding environment after Cu doping. Cu was in form of Cu,O
corresponding to Cu* oxidation state on the surface of the
synthesized TiO, nano-sheets. In conclusion, the experimental
results suggested that the use of Cu could enhance the photo-
catalytic activity of TiO, for wide application in chlorinated
solvent remediation in contaminated groundwater.
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